Abstract: To make use of chromium slag waste, this study examined the technology of the preparation of MgAl 2 O 4 spinel refractory raw material by using chromium slag. The results showed that (1) using the traditional sintering process of synthetic spinel, the highest volume density was 3.14 g/cm 3 and the lowest porosity rate was 9.16 %.
Introduction
Chromium slag is a waste slag produced in the process of metal smelting. At present, most chromium slag is used in chrome corundum bricks for zinc furnaces, zinc volatile kilns, and other non-ferrous metallurgical furnaces. The chromium slag material has been appeared on the low-end market, not only due to low sales volumes but also because it is very inexpensive. In recent years, aluminum costs have increased due to resource shortages, and refractory manufacturers could consider replacing high-cost aluminum raw materials with low-cost chromium slag. In fact, some ferroalloy companies have begun to test the chromium slag synthesis of magnesium aluminate (MgAl 2 O 4 ) spinel materials with good performance, leading to the production of high-value-added refractory materials.
MgAl 2 O 4 spinel is the only compound in the MgO-Al 2 O 3 system with a high melting point (2135°C). It is known for its high refractoriness, low thermal expansion, chemical stability, thermal shock resistance, and corrosion resistance [1, 2, 3, 4, 5] . It has become an important material in refractories and ceramics [6] . Yet, despite these advantages, spinel formation includes a 5-7 % volume expansion [7, 8] , which prevents creating of full density magnesium aluminosilicate (MAS) ceramics in a single-stage firing process [9] and, thus, it is difficult to obtain a dense reaction-sintered body [10] . In order to overcome the volume expansion problem, dense MAS ceramics are normally prepared following a two-stage firing process [11, 12] . The two-step process is usually followed by sintering of spinel: the first step for spinel formation (900-1200°C) and the second step for densification (1600-1800°C) [4] . The use of two consecutive high-temperature firing cycles significantly increases the production costs of dense MAS ceramics [13] . The electric-melting method entails melting preparation materials in an electric arc furnace. This method can achieve a higher temperature than the sintering method, and thus it can be used to generate a high melting point, at which it would not be easy to sinter refractory materials. The traditional sintering method is normally used in the preparation of MgAl 2 O 4 spinel, and there are only a few reports on the preparation of MgAl 2 O 4 spinel by the electric-melting method.
Till November 2016, the inventory of chromium slag in a certain plant in China was about 42,000 t and showed an annual increase of 25,000 to 35,000 t. In order to realize the comprehensive utilization of chromium slag waste, one-step sintering and two-step sintering were conducted, as well as electric-melting. Thus, through our research and discussion, we attempt to find the best technology for the preparation of MgAl 2 O 4 spinel refractory raw material using chromium slag.
Materials and methods

Materials
The aluminum thermal metallurgy of chromium chemical reaction is shown in eq. (1) . A large amount of chromium slag is produced in the process.
Al + Cr 2 O 3 = Al 2 O 3 + Cr
(1) Table 1 shows the composition of chromium slag from different batches, and the measured physical properties are shown in Table 2 . It can be seen in Tables 1 and 2 : the chromium slag Al 2 O 3 content is higher; Fe 2 O 3 , CaO, SiO 2 , and other contents are low; and the degree of resistance and other physical properties are good. Therefore, the slag has the characteristics of high-quality refractory raw material. The composition of chromium slag used in this study is shown in Table 3 , and the ratio of two raw materials required for the synthesis of MgAl 2 O 4 spinel is shown in Table 4 .
Methods
Sintering experiments
The sintering process is a method of synthesizing MgAl 2 O 4 spinel by calcination at a high temperature in the sintering equipment. The calcination equipment used in China mainly consists of rotary kilns. The sintering process is outlined in Figure 1 . The sintering experiments in this study were carried out in a sintering furnace, as described below.
(1) The one-step sintering method experimental process:
The sintering temperature was 1500°C, 1600°C, Table 3 : Chemical composition of the two raw materials used in the experiment. 1700°C, and 1750°C, and the heat preservation was 3 h, according to the technological process of Figure 1 . (2) The two-step sintering method experimental process: According to the process of Figure 1 , the samples were firstly held at 1350°C for 3 h then finely ground and shaped, and finally held at 1500°C, 1600°C, 1700°C, and 1750°C for 3 h.
Electric-melting experiment
The electric-melting method melts good raw materials in the electric arc furnace until the raw materials can be fully reacted. The process is outlined in Figure 2 .
Results and discussion
Compactness
Bulk density and porosity are the main indicators to measure the compactness of the material. Therefore, the volume density and the porosity of the spinel prepared from chromium slag were tested. The bulk density (ρ b ) is calculated according to eq. (2):
where ρ ing is the density of the liquid at the test temperature. The apparent porosity (л a ) is calculated according to eq. (3):
In eqs (2) and (3), m 1 is the mass of the dried sample, m 2 is the mass of the saturated sample suspended in the liquid, and m 3 is the mass of the saturated sample. According to the test results for both the one-step sintering method and the two-step sintering method, the bulk density of the sample increased gradually with the increase of sintering temperature, whereas the porosity decreased gradually. Therefore, only the experimental data that show the highest sintering temperature -the bulk density and porosity at 1750°C (see Figures 3 and 4) -are listed. Analysis of the results includes the following: (1) the best data from the one-step sintering method are a volume density of 2.56 g/cm 3 and a porosity of 25.96 %. The best data from the two-step sintering method are a volume density of 3.14 g/cm 3 and a porosity of 9.16 %. Clearly, by comparing the two sintering methods, the two-step sintered MgAl 2 O 4 spinel refractory raw materials had better compactness. (2) The volume density of the samples showed a trend of falling and then rising, and the porosity of the samples showed a trend of rising and then falling. This may be due to the highest ratio of MgAl 2 O 4 spinel forming in the middle of the process and the maximum volume expansion. (3) The best volume density and porosity in the sintering method appeared in run E, which had the highest amount of magnesium and lowest amount of chromium slag (already below 50 %). In a word, the chromium slag is more complex than the traditional materials in the composition, and the structure is also different from the traditional materials, so it is more difficult to sinter than the traditional materials. Therefore, the sintering method cannot achieve the expected results of this study. The electric-melting experiment was carried out in an electric furnace (husking furnace). The bulk density and porosity of the MgAl 2 O 4 spinel refractory raw material prepared by the electric-melting method are shown in Figures 3 and 4 . Analysis of the results includes the following: (1) the maximum bulk density of the refractory was 3.27 g/cm 3 and the minimum value was 3.20 g/cm 3 ;
the minimum porosity was 8.78 % and the maximum value was 11.96 %. The bulk density and porosity of MgAl 2 O 4 spinel refractory raw materials prepared by the electric-melting method are greatly improved compared with the sintering method. (2) The small volume density and the porosity change of the samples indicate that the compactness of the material is affected by the amount of magnesium, which is very small. It implied that the electric-melting method can achieve compactness of the refractory raw material with little magnesium. On this basis, we used scanning electron microscopy (SEM) and X-ray diffraction (XRD) ( Figure 5 ) to detect the refractory raw materials. The results show that the synthesis of electric-melting MgAl 2 O 4 spinel refractory raw material exhibits a typical spinel phase. Thus, the electric-melting method meets the requirements of the densification of refractory materials, and the use of a low ratio of magnesium to consume a large amount of chromium slag achieves an efficient use of chromium slag.
Slag resistance
Slag resistance was tested using the static crucible method. The matrix of the crucible was prepared from the electric-melting MgAl 2 O 4 spinel refractory raw material and the traditional MgAl 2 O 4 spinel refractory raw material, respectively, and the aggregate of the crucible is corundum. There were two types of slag used in the test (see Table 5 ), of which slag No. 1 is a common slag, and slag No. 2 is a strong oxidizing slag. The test slags were added to the crucibles and maintained at a high temperature of 1600°C for 1 h. 
The results of the slag resistance test are shown in Figure 6 ; the crucible of (a) and (c) were made by electric-melting MgAl 2 (2) In a comparison of (c) and (d) crucible erosion results, due to the strong oxidation of slag No. 2, the (d) crucible wall and bottom had a deep scum intrusion, with a more pronounced erosion channel, while the (c) crucible had a shallow intrusive scum and less of an erosion channel. The result indicates that the oxidation resistance of (c) crucible is better than that of (d) crucible.
Thus, the slag resistance of MgAl 2 O 4 spinel refractory raw material made from chrome slag is superior to that of traditional MgAl 2 O 4 spinel refractory raw material.
Thermal shock resistance
In this study, the thermal shock test was performed using the most commonly used test method: allow the sample to repeatedly undergo the heating-cooling process, and assess the degree of damage to the material to evaluate the thermal shock resistance. The aggregate of the crucible is corundum, and the matrix was prepared by electricmelting MgAl 2 O 4 spinel fine powder and traditional MgAl 2 O 4 spinel powder, respectively. The process employed to test the thermal shock resistance was as follows: heat at 1100°C for 0.5 h, water cool (25°C) for 0.5 h, then repeated the heating and water cooling steps.
Two groups were tested for thermal shock resistance, and the results of the test are shown in Figure 7 . One test group consisted of (a) and (b), and one consisted of (c) and (d); the samples of (a) and (d) were MgAl 2 O 4 spinel prepared by the chrome slag, and the (b) and (c) samples were traditional MgAl 2 O 4 spinel. Analysis of the results includes the following: (1) In a comparison of (a) and (b), the damage to (b) after eight heat shocks was more serious than (a) after 22 thermal shocks, so the thermal shock resistance of (a) was significantly better than (b); and (2) in a comparison of (c) and (d), the damage to (c) after 21 heat shocks was more serious than (d) after 30 thermal shocks, so the thermal shock resistance of (d) was significantly better than (c).
Therefore, the thermal shock resistance of the MgAl 2 O 4 spinel refractory raw materials prepared by chromium slag is better than that of the traditional MgAl 2 O 4 spinel refractory raw materials.
Conclusions
(1) In the experiment synthesizing MgAl 2 O 4 spinel refractory raw materials from chromium slag waste by sintering, the volume density of the product is low and the porosity is too high. Thus, the material cannot meet the requirement of MgAl 2 O 4 spinel refractory materials 
